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Abstract 

The NLO calculation of the DIC process with the isolated photon is presented and the comparison is made 
with the other NLO calculation and with recent measurement at HERA. The satisfactory agreement was found. 
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1 Introduction 

We consider Deep Inelastic Compton (DIC) scattering 
where the photon with large transverse momentum px is 
produced in ep collision. With antitagging or untagging 
conditions such reaction is dominated by events with al- 
most real photons mediating the ep interaction, Q 2 w 0, 
so in practice the photoproduction is considered. The ob- 
served final 7 arises directly from the direct subprocess 
79 ~~ * 79 or from subprocesses where partonic content 
of the photon contributes. The final photon may origi- 
nate also from the fragmentation processes, where q or g 
'decays' into 7. 

In this talk the results of the NLO calculation for 
DIC process^ are shown with the discussion on the choice 
of the relevant set of diagrams. Then the influence of the 
isolation cuts on the production rate of the final photon 
is shown and the role of additional cuts applied in the ex- 
perimental analysis of this process at HERA is discussed. 
The importance of the box diagram 7<? — > 75, being the 
higher order direct process, is stressed. 

The final results for the isolated photon production 
in the DIC process at HERAare compared with the exist- 
ing in literature calculation!] and with the corresponding 
datatl 

2 Deep inelastic Compton process in NLO 

2.1 NLO calculation for processes involving photons 

We start by describing processes which are (should be?) 
included in the NLO QCD calculation of the cross section 
for the DIC process, 

IV -> jX. (1) 

Although we will discuss the process (1), the problem 
which we touch upon is more general - it is related to the 
different approaches to NLO calculations of cross sections 
for hadronic processes involving photons. 

The Born level contribution to the cross section, the 
lowest order in the strong coupling constant a s term, is 
based on the Compton process on the quark (Fig. [IJ): 

79 -> 79- (2) 




Figure 1: The lowest order Born contribution 




Figure 2: Examples of the virtual and real a s corrections to the 
Born contribution 

It leads to the [a^ m ] order contributions to the partonic 
cross section, and at the same o? em order it contributes to 
the hadronic cross section for the process jp — > jX. In 
the NLO analysis the a s corrections to (2) are calculated 
and the terms of order a\ m ot s appear (Fig. ||). 

The Parton Model prediction for the DIC process, 
which applies for xt — ^PtAVS ~ 0(1), relies solely 
on the Born contribution (2) a. For semihard processes, 
where Xt *C 1, the prediction based on (2) is not a good 
approximation, since now one should consider besides (2) 
also contributions involving interactions of the partonic 
content of the photon(s). There are two classes of such 
contributions: single resolved with resolved initial or fi- 
nal photon, and double resolved with both the initial 
and the final photon resolved (Figs. ||, |J). They give 
contributions to partonic cross sections of orders [a em a s ] 
(single resolved) and [a 2 ,] (double resolved). If one takes 
into account that partonic densities in the photon and 
the parton fragmentation into the photon are of order 
~ a em , the final contribution to the hadronic cross sec- 
tion from resolved photon processes are ~ oq, m ot s and 
a em a 'sj respectively. In the LLO approach these three 
types of subprocesses: with two direct photons, with one 
and two resolved photons, convoluted with the relevant 
LL parton densities, are considered B. 

In the NLO approach, among a 2 m a s terms, there are 
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Figure 3: Examples of single resolved processes, a) the resolved 




initial photon, b) the resolved final photon 

Figure 5: The box diagram 




Figure 4: An example of double resolved photon process 

terms related to the collinear singularities, which then 
have to be substracted and treated as a part of the cor- 
responding single resolved photon contribution. At the 
same time in the NLO expression there are no collinear 
singularities terms which would correspond to the double 
resolved photon contributions. It indicates that taking 
into account subprocesses [a 2 ] associated with the both 
initial and final photons resolved goes beyond the ac- 
curacy of the NLO calculation. This will be consistent 
within the NNLO approach, where a 2 correction to the 
Born term and a s correction to the single resolved terms 
should be included, all giving the same a 2 m a 2 order con- 
tribution to the hadronic cross sections. 

The other set of diagrams is considered by some au- 
thors in the NLO approach to DIC process (1), due to 
their different way of the counting the order of the par- 
ton densities in the photon (or the parton fragmentation 
into the photon) □. This approach, which we will call 
approach to the structure of photon, is motivated 
by the existence of the large logarithms of Q 2 in the 
already in PM. By expressing ln(Q 2 /AQ C£) ) as ~ one 
treats the parton densities in photon as proportional to 
otemjoLs. By applying this method to the DIC process, 
we see that here the single resolved photon contribution 
to the hadronic cross section is of the same order as the 
Born term, namely 

® [a em a s ] ® 1 = a 2 em , (3) 

also the double resolved photon contribution is of the 
same order 

<8> a fl <8> =a em . (4) 

a s a s 



to the hadronic cross section are given by the Born di- 
rect process, single resolved photon and double resolved 
photon processes, although they correspond to quite dif- 
ferent final states (observe a lack of the remnant of the 
photon in the direct process). Moreover, they constitute 
the lowest order (in the strong coupling constant) term 
in the perturbative expansion, actually the zeroth order, 
so the (leading) dependence on the strong coupling con- 
stant is absent. If one takes into account that some of 
these terms correspond to the hard processes involving 
gluons, a lack of a s coupling in the cross section seems 
to be contrary to the intuition. On the other hand, on 
such set of contributions the LL prediction is based. 

In this approach beside the a s correction to the Born 
process also the a s corrections to the single and to the 
double resolved photon processes should be included in 
the NLO calculation, since all of them give terms of the 
same order, a 2 m a s . 

To summarize, the first NLO approach starts with 
one basic, direct subprocess, while the second one with 
three different subprocesses (as in LO). Obviously, some 
of NNLO terms in the first method belong to the NLO 
terms in the second one. 

2.2 a 2 m , a em a s and a 2 subprocesses in DIC 

Below we will discuss our NLO analysis of the DIC pro- 
cess El, where the parton densities in the photon (the par- 
ton fragmentation into the photon) are treated as ~ a em . 

In the NLO calculation of the DIC process we take 
the following subprocesses into account: 

• the Born contribution (2) (Fig. |l|) 

• the a s corrections to the Born diagram (Figs. ||) 

• two types of single resolved photon contributions, with 
the resolved initial and with the resolved final photon 
(Figs. |) 

Beside the above set of diagrams, the full NLO set, 
we will in addition include two terms of order a 2 m a 2 
(formally from the NNLO set): the double resolved con- 
tributions (Fig. |^) and the direct box diagram jg — > jg 
(Fig. ||), since they were found to be largeQ. 



We see that this way, the same a 2 m order contributions 



2.3 Inclusive cross section for the DIC process at ep 
colliders 

Infrared singularities which appear in the NLO calcula- 
tions of the virtual corrections to the Born process are 
canceled by infrared singularities in the real corrections. 
All collinear (mass) singularities are factorized into struc- 
ture and fragmentation functions, as discussed above, 
leading to the final formula for the inclusive cross sec- 
tion for the jp — > "fX scattering: 

d 3 -yp^jX 

- = (5) 
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where the second term, K-term, describes the QCD cor- 
rections to the Born process and the first term is a sum 
over all the other contributions. The fb/ p is a b parton 
distribution in the proton while f a H is a a parton dis- 
tribution in the photon. For direct initial photon (where 
a = 7): / Q / 7 = 5{x 1 — 1). -D 7 / c is a c parton fragmen- 
tation function into a photon, or for non-fragmentation 
processes (where = 7) -D 7 / c = S(z — 1). x, ir 7 , z are: a 
part of the initial proton momentum taken by the b par- 
ton, a part of the initial photon momentum taken by the 
a parton, and a part of the c parton momentum taken by 
the final photon, respectively. The Q scale is provided 
here by the pt- 

Denoting the differential cross section for the -fp scat- 
tering (1) by <r 7P we now relate it to the corresponding 
ep cross section. The differential cross section for the ep 
scattering in the antitagging conditions can be calculated 
using the equivalent photon approximation: 



(G) 



where y = Ej/E e is a fraction of the initial electron 
energy taken by the photon, and the (real) photon dis- 
tribution in the electron is given by: 

= £ - (7) 

V m eV Qmax 

with m e being the electron mass. The Q 2 max value we 
assume as equal to 1 GeV 2 , which is typical for the pho- 
toproduction measurements at HERA collider. 

2.4 Isolated photon production in DIC process 

In order to reduce backgrounds from 7r°'s and 7's radi- 
ated from final state hadrons isolation cuts on the ob- 
served photon have to be performed. Experimentally the 



isolation cuts are defined by demanding that a sum of 
hadronic energy within a cone of radius R around the 
final photon should be smaller then the final photon en- 
ergy multiplied by parameter e ~ 0.1: 



E E h < (E i 



(8) 



hadrons 



The radius is defined in the rapidity and azimutal angle 
phase space: R = ^/A$ 2 + A77 2 . 

The simplest way to calculate the differential cross 
section for isolated photon, d lso \ is to calculate differ- 
ence of an inclusive differential cross section, jj lncl , and 
a subtraction term, a subt (seeB): 



-isol -incl 

a = a 



-subt 

a 



(9) 



By the subtraction term we mean differential cross sec- 
tion with cuts opposite to the isolation cuts, i.e. within 
a cone of radius R around the final photon there should 
appear hadrons with total energy higher than the photon 
energy multiplied by e: 



E E h>(E-, 



(10) 



hadr 



The cuts are imposed in the partonic phase space inte- 
gration (for K-term) and integration over z (for fragmen- 
tation processes). 

We calculate the subtraction term-in an approximate 
way, with two simplifying assumtionsu: 

• the parameter e is small, e <C 1 

• an angle S between the final photon and a parton 
(from which a hadronic jet arise) inside the cone is small 
(i.e. the cone is small) and can be approximated by 
5 = R/cosh(rj), where rj is the rapidity of the photon. 

The above approximations are used only when calcu- 
lating the K-term (i.e. the QCD corrections to the Born 
process) in the subtraction term a subt . Because this term 
gives about 4% of the inclusive cross section, we expect 
that the error resulting from using the approximations is 
negligible. 

3 Results 

3.1 Inclusive cross section 

First we will discuss the general features of the inclusive 
cross section for the DIC process in the ep collision. We 
take the HERA collider energies: £ e =27.5 GeV, £p=820 
GeV and we limit ourselves to the pr range of the final 
photon between 5 and 10 GeV {x T is 0.03-0.07). The 
calculation was performed in MS scheme and as a hard 
(renormalization, factorization) scale we take Q = px, 
also Q = pr/2 and 2pr was studied. Number of ac- 
tive flavours is assumed to be Nf=4 (and for comparison 
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Figure 6: The photon rapidity distributions, a) The differential cross section d 2 a / 'dpx drj integrated over whole range of y for pt=5 GeV for 
the final photon not isolated (upper line) or isolated with R=l and e=0.05, 0.1, 0.2. b) The cross section da/dr) integrated over 0.16< y <0.8 
and 5 GeV< px <10 GeV for the isolated final photon with R=l and e=0.1. The result for Nt=4 (solid line) and for comparison the same 
without the box contribution (dotted line). The result for Nf=3 (dashed line) is also shown, c) The cross section as in b) for Nf=4 for the 
isolated photon plus jet production, where the jet obeys conditions: -1.5< rf^ 1 <1.8 and pif >5 GeV (solid line). The data are the ZEUS 
experiment preliminary results 3 . 



Nf=3). Nf enters into the evaluation of the coupling 
constant a s . Note that the assumed NLO form of a s 
plays a role, as changing the form from: 

4tt 1 



ftln(Q 2 /A 2 



QCD) 1 



Wx ln[ln(QVA 2 QCC )] 



to 



4tt 



[1 



2ft HHQV^qcd)] 



(11) 



(12) 



(ft = 11 - 2/3JV) and ft = 51 - 19/3JV/) changes the 
results by 5%. The final results will be given using the 
latter form with parameters: Aqcd—O-^ GeV for Nf—A 
and 0.248 GeV for N f =3. 

We use Gliick, Reya, Vogt NLO parametrizations of 
the proton structure function, the photon structure func- 
tion and the fragmentation function 113, for comparison 
also other photon structure functions are usedtlii 2 ]. The 
value Aqcd was used here as fitted to the data. 

The importance of the particular contributions to 
the cross section can be illustrated by the following re- 
sults obtained for the inclusive cross section integrated 
over 5 GeV< pr <10 GeV (where the sum over all sub- 
processes is equal to 210 pb): Born = 41.2%, single 
resolved — 34.2%, double resolved = 15.7%, box = 
5.4%, K-term=3.9%. So it is obvious that the single 
resolved photon processes give contribution comparable 
to the Born term. Also the double resolved photon pro- 
cesses are important giving half of the single resolved 
photon process contribution. The overall double resolved 
photon cross section is build from many, relatively small, 
individual terms. The box diagram gives 14% of the Born 
contribution- relatively large box contribution is due to 
large gluonic content of the proton at small x p (the Born 
process bases on the quark density at the same value x p ). 



3.2 Inclusive versus isolated photon cross section 

The isolation cut was introduced with the radius R = 1, 
and e=0.05, 0.1 and 0.2 . Results are presented in Fig. 6a 
where the inclusive cross section and the isolated photon 
cross sections are compared. Large effect is seen when 
the isolation cut is imposed on the final photon in DIC 
process, with a larger suppression of the fragmentation 
processes (up to 80%, seeEl) as expected. This effect is 
not very sensitive to the value of e. 

3.3 Comparison with data 

To compare our results with data the calculations were 
performed for the HERApCollider energies with cuts used 
in the ZEUS experiment a. For the isolated photon pro- 
duction in DIC process we take R =1, e =0.1 and con- 
sider ranges: 5 GeV < p T < 10 GeV , 0.16 < y < 0.8. 
Two types of final state were measured: 
"7"- an isolated photon with rapidity — 0.7 < rf < 0.9, 
"7+jet"- the isolated photon as above plus the jet with 
-1.5 < r^' et < 1.8 , ?4 et > 5 GeV. 

In Fig. 6b the isolated photon rapidity distributions 
with the above criteria are shown. The importance of 
the box diagram is seen (the double resolved contribu- 
tion is smaller than box up to factor 2 for negative r] 1 ). 
Note also a large difference between results for Nf=A and 
3 (due to fourth power of electric charge characterizing 
processes involving two photons). The prediction based 
on the four massless quarks overestimates the production 
rate, while this with Nf—3 underestimates this rate. We 
belive that the true prediction lies between two curves, 
but closer to the upper one. (The proper treatment of 
the chacm quark is crucial here and will be discussed else- 
where t2l ). In Fig. 6c the results for the final state with a 
photon and the jet are presented. The calculation bases 
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Table 1: DIC cross section (pb) for 0.8< x 7 <1 



subprocess 


tot 


Born 


box 


2res 


1 


25.2 


16.3 


3.2 


0.39 


1 + jet 


23.4 


15.1 


3.0 


0.27 



here on the additional assumption and therefore should 
be treated as an estimation of the considered cross sec- 
tion (seeu for details ). Resonable agreement with data 
are found for both final states (Figs. 6b, c). 

Below we discuss results for the isolated photon cross 
sections within the ZEUS cuts listed above, and inte- 
grated over 0.8< x 1 < 1 - a "direct" sample. Particu- 
lar contributions to the isolated photon cross section are 
presented in Table 1 for "7" and "7+jet" in the final 
state. (Results correspond to 2V/=4). The total contri- 
bution for "7+jet" is smaller by 2 pb as compared to "7" , 
nevertheless the following ratios have similar pattern in 
both cases: "Born/tot" =65% and "box/tot" = 13%. We 
see how much the role of the direct processes is enhanced 
by the isolation cut and the range of rf . Note also that 
now "box/Born" =20%, while the "2res/Born" ~2%. 

Results obtained using other choices of the scale Q: 
Q— Pt/2, %Pt, differ from ones based on the reference 
scale p T by ± 4% (6%) for "7" ("7+jet") final state. The 
results based on ACFGP or GS parton parametrization 
for the photon differ from GRV predictions by less than 
4%. 

The ZEUS measurement for the "7+jet" final-state 
leads to cross section equals to 15.4 ± 1.6 ± 2.2 pbB. 

3.4 Comparison with other results 

Our NLO calculation of DIC process differs from NLO 
analysis presented in Ref.[2], based on the "l/tV ap- 
proach, by types of subprocesses included. In our analy- 
sis we do not include a s corrections to the single resolved 
processes, the NNLO term. On the other hand we include 
the box diagram, although being also beyond the NLO 
accuracy, it was found to be large especially in the ex- 
perimental conditions used in the ZEUS experiment. Our 
prediction (GRV parton parametrizations with Nf = 4, 
scale Q—Pt) for the rapidity distribution for the "7" is 
lower by 10% to 25% for the negative to positive rapid- 
ity than in Ref.[2], while for the "7 +jet" final state our 
results are higher by 25% to 10%, respectively. 



tion two NNLO contributions: double resolved photon 
processes and box diagram were studied. The satisfac- 
tory agreement with data is obtained for both "7" and 
"7+jet" events for the rapidity distribution. The box 
diagram contributes 13% to the "direct" sample as mea- 
sured by ZEUS group. 

The agreement with the other NLO calculation of 
the DIC, which based on a different set of diagrams, is 
obtained within 10 to 25%. 
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4 Conclusion 



Results of the NLO calulation for the isolated 7 produc- 
tion in DIC process at HERA are presented. In addi- 
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